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Abstract: LEGEND, the Large Enriched Germanium Experiment for Neutrinoless ββ Decay,
is a ton-scale experimental program to search for neutrinoless double beta (0νββ) decay in the
isotope 76Ge with an unprecedented sensitivity. Building on the success of the low-background
76Ge-based GERDA and Majorana Demonstrator experiments, the LEGEND collaboration is
targeting a signal discovery sensitivity beyond 1028 yr on the decay half-life with approximately
10 t ·yr of exposure. Signal readout electronics in close proximity to the detectors plays a major role
in maximizing the experiment’s discovery sensitivity by reducing electronic noise and improving
pulse shape analysis capabilities for the rejection of backgrounds. However, the proximity also
poses unique challenges for the radiopurity of the electronics. Application-specific integrated circuit
(ASIC) technology allows the implementation of the entire charge sensitive amplifier (CSA) into a
single low-mass chip while improving the electronic noise and reducing the power consumption.
In this work, we investigated the properties and electronic performance of a commercially available
ASIC CSA, the XGLab CUBE preamplifier, together with a p-type point contact high-purity
germanium detector. We show that low noise levels and excellent energy resolutions can be
obtained with this readout. Moreover, we demonstrate the viability of pulse shape discrimination
techniques for reducing background events.
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1 Introduction
The observation of neutrinoless double beta (0νββ) decay would have major implications on our
understanding of the origin ofmatter in our universe. The decay violates lepton number conservation
by two units and is the most sensitive way to obtain information on whether neutrinos are Majorana
particles, i.e. their own antiparticles. Moreover, together with measurements from cosmology and
direct neutrino mass measurements, it will provide information on the absolute neutrino mass scale
and ordering [1, 2]. One of the most promising technologies in the search for 0νββ decay are high-
purity germanium (HPGe) detectors. Germanium detectors are intrinsically pure, can be enriched
readily to about 88% and above in the double beta decaying isotope 76Ge, and provide an excellent
energy resolution of about 0.1% FWHM in the signal region of interest at Qββ = 2039 keV. The
LEGEND collaboration employs a phased approach to realize the ultimate goal of a ton-scale 0νββ
decay search with HPGe detectors [3–5].
The main requirements for readout electronics in 0νββ decay experiments employing 76Ge are
good energy resolution (low electronic noise), good pulse shape discrimination (PSD) capabilities
(separation of signal events from background events), and a high radiopurity (low background).
To obtain a high energy resolution and good PSD capabilities, the readout electronics needs to be
placed as close as possible to the detector to minimize stray input capacitance [6]. However, this is
in conflict with the radiopurity requirement, i.e. any component in close proximity to the detector
contributes more to the radioactive background [7]. A promising approach is to combine all relevant
readout electronics components into a single low-mass, low-background chip located very close
to the detector using application-specific integrated circuit (ASIC) technology. In this work, we
investigated the performance of a commercially available ASIC with regard to the requirements of
LEGEND.
2 LEGEND
The LEGEND collaboration has been formed to pursue a ton-scale 76Ge-based 0νββ decay ex-
periment utilizing the best technologies from the GERDA (GERmanium Detector Array) and
Majorana Demonstrator experiments, as well as contributions from other groups. GERDA and
Majorana Demonstrator have achieved the lowest backgrounds (4 · 10−4 counts/(keV · kg · yr),
held by GERDA) and the best energy resolutions (2.5 keV FWHM at Qββ, held by the Majorana
Demonstrator) of all experimental 0νββ decay searches [8–11]. To achieve a signal discovery
sensitivity at a half-life of T0ν1/2 > 10
28 yr, LEGEND pursues a phased approach. In the first phase,
LEGEND-200, up to 200 kg of HPGe detectors will be operated in the cryogenic infrastructure pre-
viously installed by the GERDA collaboration at the Laboratori Nazionali del Gran Sasso (LNGS).
The detectors will be operated in liquid argon which acts both as a cooling medium and as an active
shielding. At the same time, ultra-high radiopurity materials for all internal structures and low-
noise signal readout electronics will be used. The overall background is estimated to improve by a
factor of more than two compared to the background achieved in the GERDA experiment to a level
below 2 · 10−4 counts/(keV · kg · yr), with a targeted signal discovery sensitivity of T0ν1/2 > 1027 yr.
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In the final stage of LEGEND, LEGEND-1000, the collaboration plans to operate 1000 kg of HPGe
detectors for a time period of about 10 years. This requires a completely new infrastructure and
a more ambitious background goal of less than 1 · 10−5 counts/(keV · kg · yr) to reach the targeted
signal discovery sensitivity on the half-life of T0ν1/2 > 10
28 yr.
3 Signal readout electronics for LEGEND
3.1 Readout electronics requirements
The charge sensitive amplifier (CSA) should be located as close as possible to the detector. This
reduces the capacitive load on the amplifier and is necessary to keep the electronic noise level of the
system as low as possible. High noise levels increase the energy threshold and degrade the energy
resolution thereby decreasing the experimental sensitivity. Another advantage of a close proximity
of the CSA to the detector is the enhanced bandwidth of the system, i.e. faster signal rise times,
which are important for the successful application of pulse shape analysis (PSA) techniques to
reject background events. The noise and rise time requirements are in conflict with the radiopurity
requirements. The components close to the detectors contribute to the radioactive background
budget and decrease the experimental sensitivity. It is therefore desirable to have as little material
as possible close to the detectors. Consequently, the material mass and volume of the CSA needs
to be very small. In addition, the selected components must be very radiopure. In conclusion, one
has to find a good compromise between low noise levels and fast rise times on the one hand, and
low radioactivity of the components close to the detectors on the other.
3.2 Readout electronics for LEGEND
In LEGEND-200, electronic components based on previous implementations by the predecessor
experiments, GERDA and Majorana Demonstrator, will be used. The CSA consists of two
stages: A first stage very close to the detectors (several cm) is based onMajoranaDemonstrator’s
radiopure low-noise, low-mass front-end (LMFE) readout electronics [12]. The LMFE consists of
a junction field-effect transistor (JFET) and an RC feedback circuit, see figure 1. A second stage
farther away (∼30 cm above the detector array) has been developed based on the preamplifier of the
GERDA experiment [13].
One of the main challenges when scaling up a germanium-based 0νββ decay experiment is the
increased number of individual detectors, resulting in an increase of instrumentation components,
such as amplifiers, cables and connectors. All these components are potential background sources
and hence need to be of ultra-high purity and lowmass [5]. For LEGEND-1000, the baseline design
is to use anASIC-based readout scheme for the HPGe detectors. State-of-the art application-specific
integrated circuit (ASIC) technology enables the integration and miniaturization of the readout
electronics components into a single low-mass chip. The main advantage for 0νββ decay searches
compared to conventional amplifiers is a potentially higher per-channel radiopurity (e.g. ideally no
RC components, fewer supply voltages, etc.). Furthermore, a lower electronic noise can be achieved
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since ASIC technology allows for a high amplification gain close to the detector before sending the
analog signal over a long distance to the data acquisition system.
Qδ(t) Cdet
JFET A
Rf
Cf
CpCpar
Detector + Bias voltage Front-end Cables Preamplifier
Figure 1. Simplified circuit of the resistive-feedback signal readout electronics that will be used in LEGEND-
200. The front-end stage (close to the detectors) and the preamplifier stage (farther away) are separated by
cables. Both stages will be operated at cryogenic temperatures in liquid argon. In LEGEND-1000, all
relevant components will potentially be combined into a single low-mass ASIC.
3.3 CUBE ASIC
To test the performance of ASIC-based signal readout electronics, a p-type point contact (PPC)
detector (cf. section 4) was instrumented with a commercially available CUBE ASIC obtained from
the companyXGLab SRL. The CUBEASIC is a low-noise CSA based on CMOS technology. It was
initially designed for low-capacitance (several pF) silicon drift detectors [14]. In a first study of the
CUBE ASIC (revision PRE_024) with a low-capacitance mini PPC detector, a noise performance
of 5.6 e− RMS was obtained [15]. With no capacitive load at the input, the ASIC investigated in
this work (revision PRE_042) has a noise performance of 35.5 e− RMS at room temperature and
is optimized for operation with detectors having higher capacitances [16]. An image of the chip
and an annotated illustration of its wire bonding pads is shown in figure 2. The ASIC measures
750 µm × 750 µm × 250 µm and has a mass of 0.33mg. It has an input capacitance which is opti-
mized for the operation of detectors with capacitances in the range 0.5 ≤ Cdet ≤ 3.0 pF. The chip
is functional at cryogenic temperatures down to 50K and has a maximum power consumption of
60mW [16]. The internal feedback capacitance of Cf = 500 fF ± 10% corresponds to a dynamic
range with energies larger than 10MeV in germanium at cryogenic temperatures.
The CUBE ASIC requires three supply voltages provided by an external biasing board, see fig-
ure 3. Each of these supplies needs at least one external bypass capacitor to reduce the voltage
supply noise. The effectiveness of these capacitors decreases with increasing distance to the ASIC.
Therefore, they need to be mounted as close as possible to the preamplifier. Unfortunately, the by-
pass capacitors also increase the amount of radioactive material close to the detectors. Usually, they
are not clean enough to fulfill the stringent radiopurity requirements [5]. For our measurements, a
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customized printed circuit board accommodating the CUBE ASIC was designed. Figure 4 shows a
drawing of the board and its mounting on top of the PPC germanium detector.
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Figure 2. The left figure shows a close-up of the CUBE ASIC. The chip is connected to the traces on a
printed circuit board via several wire bonds. The right figure shows the dimensions of the ASIC and the bond
pad assignment. The chip requires three supply voltages V_I/O, V_S and V_SSS.
Detector ASIC Bias board
Cold
Output
Warm
Signal
Power supply, 
reset logic
Buffered 
signal
Figure 3. Detection and amplification chain in our CUBE ASIC measurements. The germanium detector
and the ASIC were operated in a cold environment in a vacuum cryostat. Outside of the cryostat, a biasing
board provided the supply voltages, as well as reset logic for the CUBE ASIC. In addition, the board buffered
the output signal with a certain gain.
In order to avoid saturation and a reduction of the dynamic range of the readout electronics, the
ASIC needs to be reset appropriately. By default, it is operated in a pulsed reset mode. In this mode,
the CUBE preamplifier uses an external logic signal to control a CMOS transistor to discharge the
feedback capacitor. A waveform example is shown in figure 5.
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ASIC 
PCB
Figure 4. Printed circuit board hosting the CUBEASIC. The left figure shows a three-dimensional rendering
of the board. Three bypass capacitors are used for reducing the noise generated by the supply voltages.
Moreover, a voltage divider can be used to test the functionality of the ASIC with an external pulse generator.
The right figure shows the ASIC board mounted on a PTFE structure above the PPC germanium detector.
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Figure 5. Waveform example obtained with the CUBE ASIC operated in the pulsed reset mode. Events
can be identified as steps in the linearly decreasing ramps (see inset). Since there is no feedback resistor
removing the charges from the feedback capacitance, every event decreases the preamplifier output to a lower
voltage. As soon as the dynamic range of the preamplifier is reached, it is reset back to the starting value
by an external feedback device. The reset events can be identified as the large positive steps between the
decreasing ramps.
4 Measurement setup
An overview of the experimental setup is shown in figure 6. The core of the setup is a vacuum
cryostat (operated at ∼10−7mbar) that can accomodate a germanium detector as well as the signal
readout electronics. During the measurements, the temperature of the detector support structure
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(measured using a silicon temperature diode at the bottom of the IR shield) was stable at a level
of ∼98K.
To evaluate and characterize the ASIC-based signal readout electronics, a p-type point contact
germanium detector was used. Due to their distinct geometry, see figure 7, PPC detectors have
a very low detector capacitance (Cdet∼1 − 2 pF at full depletion) [17]. This not only results in a
low energy threshold, but also in a good noise performance. Furthermore, PPC detectors have
an excellent ability to discriminate events that deposit their energy at a single location (single-site
events, indicator for 0νββ decay signal events) from those that deposit their energy at multiple sites
(multi-site events, e.g. Compton-scattered photon, indicator for background events). This is due to
the strongly localized weighting potential and the strong electric field in close proximity to the p+
signal readout contact leading to characteristic signal pulse shapes [18].
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Figure 6. Simplified sectional view of the experimental setup used for the investigation of signal readout
electronics for LEGEND. For visual clarity, details of the detector holding structure, readout electronics and
the cold finger are not shown.
The detector used in this work is a natural germanium PPC detector with properties that closely
resemble those of the detectors currently operated in theMajorana Demonstrator, see figure 7.
In our studies, the detector was installed with the point contact facing up in a customized detector
mount. It was shielded against IR radiation (emitted mainly by the vacuum cryostat walls) by a thin
cylindrical copper hat cooled via liquid nitrogen surrounding the holding structure, see figure 6.
The n+ electrode of the detector was connected to the high voltage module via a spring-loaded pin
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located at the detector bottom. To reduce high-frequency voltage fluctuations introduced by the
high voltage power supply, an RC low-pass filter (100MΩ, 10 nF) was used. Data from the detector
were recorded with a Struck SIS3301 14-bit flash analog-to-digital converter (FADC).
Property Value
Mass 1.0 kg
Inner diameter a 58.9mm
Outer diameter b 68.9mm
Length c 52.0mm
Length d 47.0mm
Deadlayer (Ge/Li) e 1.24 ± 0.10mm
Capacitance 1.8 pF
Depletion voltage 900V
d
b
e
Passivated
surface (aGe)
contact
contact
a
c
45.0°
Figure 7. Parameters and sketch of the PPCdetector used for theCUBEASIC characterizationmeasurements.
5 Measurement results
5.1 Leakage current
The leakage current Ileak has an important impact on the electronic noise, with higher leakage
currents resulting in higher noise levels. Hence, dedicated measurements were performed to
determine the leakage current of the setup. Several pulsed reset waveforms were acquired with an
oscilloscope and the slope of the linearly decreasing waveform ramps (corresponding to the constant
collection of holes) was estimated. The leakage current was then calculated using the equation
Ileak = Cf · dVdt ·
1
G
, (5.1)
where V denotes the voltage, t the time and G = 4.03 ± 0.47 an additional gain introduced by the
biasing board of the ASIC readout. The dependence of the leakage current on the bias voltage is
shown in figure 8. For the measurement results presented in the following, the detector was operated
at a bias voltage of VB = 1500V. At this bias voltage, the leakage current was at a reasonably low
level of Ileak ≈ 15 pA. At the time when the energy resolution measurements were carried out, see
section 5.4, the leakage current was stable at a level of 10 − 20 pA.
5.2 Signal rise time
One of the key parameters for a successful application of pulse shape discrimination techniques,
discussed in detail in section 5.5, is the signal rise time. Typically, this quantity is defined as the
time taken by a signal to change from 10% to 90% of the maximum amplitude of the leading edge.
For efficient pulse shape discrimination capabilities, the rise time needs to be fast enough such that
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multi-site events (background events) can be resolved in the time domain (for rise times of several
µs, the double peak structure of these events in the current signal smears out). The specification
for the first phase of LEGEND foresees rise times faster than 100 ns (10% − 90%) with potential
for improvements in future phases. A dedicated measurement without a detector was carried out to
measure the rise time of the CUBE ASIC, see figure 9 (a). Rise times as low as 15 ns were obtained.
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Figure 8. Leakage current as a function of the detector bias voltage. Error bars result from the uncertainties
of the feedback capacitance, waveform slope and gain. For the measurements discussed in the following, the
detector was operated at a bias voltage of VB = 1500V (indicated by the red square measurement point).
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(a) Signal rise time.
100 101 102
Filter rise time (µs)
0.2
0.4
0.6
0.8
1.0
1.2
1.4
Ba
se
lin
e
FW
H
M
(k
eV
) Series noise Pa
ra
lle
l n
oi
se
1/ f noise
Fit
Data
(b) Baseline noise curve.
Figure 9. Electronic key parameters of signal readout electronics for 0νββ decay searches: signal rise time
(a) and electronic noise (b). A signal rise time as low as 15 ns was measured. The noise performance was
investigated in terms of the baseline noise. A minimum baseline noise of 655 eV FWHM was obtained
at a filter rise time of 4 µs. The dashed lines in the plot correspond to the series (down-sloping), parallel
(up-sloping) and 1/ f (horizontal) noise contributions.
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5.3 Electronic noise
Low electronic noise of signal readout electronics is of major importance for optimizing the energy
resolution and the detection threshold of the measurement system. Furthermore, along with the
signal rise time the electronic noise is a key parameter for efficient pulse shape discrimination
capabilities. While low-frequency noise (O(kHz)) mainly influences the energy resolution, high-
frequency noise (O(MHz)) has an impact on the PSA performance. The relevant frequency range for
the application of pulse shape analysis techniques is given by the necessity of resolving the temporal
separation of multi-site event (MSE, see section 5.5) charge clouds with values 150− 500 ns, which
translates into a frequency range of 2.0 − 6.5MHz [19].
The noise performance of the CUBE ASIC together with the PPC detector was determined in terms
of the baseline noise. To this end, a trapezoidal filter with varying filter rise times and a fixed flat
top time was applied to the waveform baselines. The obtained baseline noise curve is shown in
figure 9 (b). At a filter rise time of 4 µs, a minimum baseline noise of 655 eV FWHMwas obtained.
Moreover, at the reference filter rise time of 1 µs, we measured a baseline noise of about 820 eV
FWHM (corresponding to 118 e− RMS). Keeping in mind the presence of the additional detector
and bonding capacitance, this value is in good agreement with the specified preamplifier noise
performance. In summary, fast signal rise times and low noise levels make the CUBE ASIC a
well-suited device for the application of pulse shape analysis techniques.
5.4 Energy resolution
The excellent energy resolution of germanium detectors is one of the main advantages of 76Ge-based
0νββ decay searches. The energy resolution is closely related to the noise performance of the signal
readout electronics, i.e. high noise levels directly translate into poor energy resolutions. Therefore,
dedicated measurements were carried out to investigate the energy resolution of the PPC detector
together with the CUBE ASIC. To this end, the detector was irradiated with a strong, collimated
228Th calibration source. The source was positioned outside the vacuum cryostat in front of one
of the side flanges. The signal rate was on the order of 350 counts/s. An example of the energy
spectrum measured during a typical 228Th calibration run is shown in figure 10 (a).
For the calibration of the energy scale E and to obtain an estimate for the energy resolution, several
known gamma lines in the spectrum were fit using a function [20] of the form
f (E) = A exp
(
−(E − µ)
2
2σ2
)
+ B +
C
2
erfc
(
E − µ√
2σ
)
+ D(E − µ)
+
F
2
exp
(
E − µ
δ
)
erfc
(
E − µ√
2σ
+
σ√
2δ
) (5.2)
where A, B,C, D and F describe normalization factors, µ the mean and σ the standard deviation of
a Gaussian distribution and δ the decay constant of an exponential. The second, third and fourth
terms describe the background shape of the energy spectrum underlying the gamma peaks. The
last term is an exponentially modified low-energy Gaussian tail used to approximate the peak shape
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distortion due to incomplete charge collection [11, 20]. The energy resolution ∆E is typically
described in terms of the full width at half maximum (FWHM) of a gamma line at energy E . It
is computed by numerically extracting the difference of the two half-maximum points of the fit
function. The energy resolution as a function of the energy for the 228Th calibration measurement
is shown in figure 10 (b). The resolution can be described by the following expression [20, 21]:
FWHM(E) = 2
√
2 log 2
√
σ2ENC + σ
2
CP + σ
2
CC (5.3)
= 2
√
2 log 2
√
η2
e2
ENC2 + ηFE + c2E2. (5.4)
Here, σENC describes the electronic noise, σCP statistical fluctuations in the charge production
process and σCC the efficiency of the charge collection process in the detector. Furthermore,
η describes the average energy needed to create an electron-hole pair in germanium, ENC the
equivalent noise charge, F the Fano factor and c a constant. As can be seen from figure 10 (b), an
excellent energy resolution over a wide energy range was obtained. In the signal region of interest
at theQββ-value and at the 2.6MeV 208Tl gamma peak, energy resolutions of about 2.3 keV FWHM
and 2.6 keV FWHM were obtained, respectively. These values match the design specifications of
LEGEND-1000, with a targeted energy resolution of 2.5 keV FWHM at the Qββ-value.
0 500 1000 1500 2000 2500
Energy (keV)
1
10
210
310
410
510
Co
un
ts
 / 
0.
25
 k
eV
2580 2600 2620 2640 2660
Energy (keV)
1
10
210
310
410
Co
un
ts
 / 
0.
25
 k
eV
(a) 228Th energy spectrum.
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Figure 10. Energy spectrum (a) and resolution curve (b) acquired during a typical 228Th calibration run. The
energy resolution of about 2.3 keV FWHM in the signal region of interest at Qββ = 2039 keV is indicated by
the dashed lines. At the 2.6MeV 208Tl gamma line (see inset), an energy resolution of about 2.6 keV FWHM
was obtained. Error bars correspond to the fit uncertainties of the standard deviations.
5.5 Pulse shape discrimination performance
In order to fulfill the ultra-low background requirements for 0νββ decay searches, it is important
to appropriately discriminate background events from signal events. One powerful background
rejection method is based on the analysis of the shape of the signal pulses, commonly referred to
as pulse shape analysis (PSA) or pulse shape discrimination (PSD). While in the vicinity of the
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PPC detector’s signal readout electrode the weighting potential is strong and highly localized, it is
relatively low elsewhere in the active volume. As a consequence, the signal shapes of events with
a single energy deposition location in the detector (single-site events, SSE) are almost independent
of their point of origin. In contrast, events with multiple energy deposition locations in the detector
(multi-site events, MSE) clearly deviate from this shape. An example for a SSE and aMSE acquired
using the ASIC-based readout electronics is shown in figure 11. The difference in the signal shape
can be seen easily, with two distinct interactions evident in the multi-site event. 0νββ decay signal-
like events occur at a single location in the germanium crystal (both electrons are stopped within an
unresolvable distance of 1mm) and are thus SSE. In contrast, background events (from gamma-ray
interactions) usually deposit energy at multiple locations in the detector and are thus MSE.
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(a) Single-site event (SSE).
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(b) Multi-site event (MSE).
Figure 11. Charge and current signals corresponding to a single-site event (a) and a multi-site event (b)
acquired with the CUBE ASIC. The current pulse (red line) corresponds to the time derivative of the charge
pulse (blue line). The different signal shapes of a single- and multi-site event can be clearly identified by the
different maximal heights A of the current pulses.
A commonly used discriminative quantity of the signal pulse shape is the ratio of the maximum
amplitude of the current pulse A and the amplitude (energy) of the charge pulse E: A/E , see
figure 11 [22]. The A/E distribution of SSE is narrow and only slightly dependent on the energy.
In contrast, the A/E distribution of MSE is broad and located at lower values due to the reduced
maximum current amplitudes compared to SSE.
In practice, 228Th is an isotope typically used for defining A/E cuts for the discrimination of signal-
like from background events. In the radioactive decay of the isotope to the stable nucleus 208Pb,
high energy gammas with an energy of 2614.5 keV are produced. In the detector, they are likely to
undergo pair production producing an electron-positron pair. The positron stops and then can form
positronium together with another electron. This system is unstable and the particles annihilate
each other emitting two 511 keV gammas back to back. These gammas can either fully deposit their
energy in the detector (full energy peak at 2614.5 keV, FEP) or either one or both gammas escape the
detector. If only one gamma escapes the detector, an energy of 2614.5 keV−511 keV = 2103.5 keV
(single escape peak, SEP) is deposited in the detector. In contrast, if both gammas escape the
active volume, an energy of 2614.5 keV − 2 · 511 keV = 1592.5 keV (double escape peak, DEP) is
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deposited in the detector. While the DEP is a good indicator for SSE (energy deposition only by
the initial electron), the SEP is used as an indicator for MSE (energy deposition at multiple sites).
In the data analysis, the A/E pulse shape discriminator is tuned such that 90% of the SSE (signal-
like events) in the DEP survive (a detailed description of the procedure can be found in [19]).
The survival efficiency ε of the events in the Compton continuum, SEP and FEP can be computed
accordingly. Usually, the number of multi-site events in the SEP for PPC detectors can be reduced
to below 10% [11].
(a) A/E vs E scatter plot.
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Figure 12. Pulse shape discrimination performance of the PPC detector with the CUBE ASIC: Normalized
A/E as a function of the energy for a 228Th calibration run (a) and energy spectra before and after the
A/E pulse shape analysis cut (b). While the cut is tuned such that 90% of the single-site events (signal-like
events) in the DEP survive (c), the number of multi-site events (background events) in the SEP is significantly
reduced (d).
The PSA performance of the PPC detector together with the CUBE ASIC was validated in a 228Th
calibration measurement. The normalized A/E distribution, corrected for a slight linear energy
dependence, is shown in figure 12 (a). The band corresponding to single-site events at A/E = 1 can
be clearly identified. Events below this band mainly correspond to MSE and can be suppressed by
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applying a cut to the data, based on the A/E parameter, called the A/E cut. The estimated survival
efficiencies ε are listed in table 1. The acceptance of background events (MSE) in the SEP is heavily
suppressed, i.e. only 6.0% of these events survive. At the same time, the acceptance of events in
the signal region of interest is 42%. The effect of the A/E cut on the energy spectrum is depicted
in figures 12 (b)-(d). The survival efficiencies obtained in this work are in good agreement with
the efficiencies obtained with the same detector type in theMajorana Demonstrator experiment
[11, 23].
Table 1. Pulse shape discrimination performance of the PPC detector with the CUBE ASIC. The estimation
of the survival efficiencies ε is based on the A/E pulse shape discriminator. The acceptance of events in the
double escape peak (DEP, mostly single-site events) is tuned to 90%. The survival efficiencies of (mostly
multi-site) events in the single escape peak (SEP), full energy peak (FEP), as well as in the region of interest
at theQββ-value can then be evaluated. The uncertainties of the survival efficiencies correspond to statistical
uncertainties.
Peak Survival efficiency ε
208Tl DEP 0.900 ± 0.007
208Tl SEP 0.060 ± 0.004
208Tl FEP 0.106 ± 0.001
Qββ 0.420 ± 0.002
5.6 Radiopurity
A high radiopurity of the components used in a low-background physics experiment like LEGEND
is crucial. In order to predict the background rate that would be induced by the CUBEASIC in future
phases of LEGEND, it has been assayed. These assay measurements were performed at the low-
background screening facilities at LNGS in Italy and at Jagiellonian University in Poland by means
of direct gamma-ray counting, mass spectroscopy and radon emanation techniques, respectively.
All assay results are listed in table 2.
First, the contamination of 35.3 g ASIC material (leftover production material) in the isotopes
232Th, 238U as well as 40K was analyzed via gamma-ray counting. To this end, the radioactivity
of the material was measured with a HPGe detector for a time period of about 23.5 days. In the
measurement, only upper limits were obtained for the contaminations. At the same time, the 232Th
and 238U impurities in the ASIC were investigated via high-resolution inductively-coupled plasma
mass spectrometry (ICP-MS). To accomplish this, 17mg of sample material were dissolved in HF,
HNO3 and HCl. Finally, the radon contamination of the ASIC was investigated. A cryogenic
radon detector at Jagiellonian University was used to determine the contaminations in 25 g sample
material in both radon isotopes, i.e. 222Rn and the short-lived 220Rn. Just as for the other radiopurity
measurements, only upper limits were obtained, see table 2.
Based on the gamma counting measurement results and the efficiencies obtained with Geant4
simulations of the LEGEND-200 detector array (used as an approximation for the LEGEND-1000
detector array) [5], the background contribution of the CUBE ASIC can be estimated. For the
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determination of the efficiencies pROI (counts/decay/keV) in the signal region of interest, a detector
anti-coincidence cutwas applied. The simulation results are listed in table 3. Usually, the radioactive
background is expressed in terms of the background index BI (counts/(keV · kg · yr)):
BI =
pROI · mASIC · a
mDET
. (5.5)
Here, mASIC denotes the mass of the radioactive ASIC material (mASIC = 500 · 0.33mg) and
mDET the total detector mass in the LEGEND-1000 detector array (mDET = 500 · 2 kg) assuming
500 channels. Furthermore, a describes the specific activity (Bq/kg). The background indices of
the 232Th and the 238U radionuclides are listed in table 3. They were calculated using the specific
activities of the 228Th and 226Ra contributions of the gamma counting measurements, see table 2.
The contributions of the other radionuclides were neglected since they are not relevant for the
background in the region of interest. Even though the upper limits of the assay are comparably high
(mainly determined by the sensitivity of the measurement method), the summed background index
of the 232Th and the 238U contributions matches the design specification of LEGEND-1000, with
an overall background goal of 1 · 10−5 counts/(keV · kg · yr).
Table 2. Results of the CUBE ASIC radiopurity assay conducted at LNGS and Jagiellonian University by
means of direct gamma counting, ICP-MS and radon emanation techniques. All values are upper limits.
Method Radionuclide
Purity
mBq/kg g/g
γ counting
232Th: 228Ra < 4.9 < 1.2 · 10−9
228Th < 4.1 < 1.0 · 10−9
238U: 234Th < 24 < 1.9 · 10−9
234mPa < 200 < 1.6 · 10−8
226Ra < 3.5 < 2.8 · 10−10
40K < 52 < 1.7 · 10−6
ICP-MS
232Th < 2.0 · 10−9
238U < 1.0 · 10−9
Rn emanation
220Rn < 0.8
222Rn < 0.9
Table 3. Efficiencies (pROI) and background indices (BI) of the CUBE ASIC for the radionuclides 232Th
and 238U. Upper limits correspond to 90% confidence level. The efficiency values are based on Geant4
simulations of the LEGEND-200 detector array and are used as an approximation for the LEGEND-1000
detector array [5].
Radionuclide pROI (counts/(decay · keV)) BI (counts/(keV · kg · yr))
232Th 1.92 · 10−5 < 4.1 · 10−7
238U 9.62 · 10−6 < 1.8 · 10−7
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6 Conclusions and outlook
Signal readout electronics based on application-specific integrated circuit (ASIC) technology are
ideally suited for low-background 0νββ decay experiments like LEGEND. While not being inferior
to discrete readout systems, ASIC technology could allow for a lower electronic noise, a lower per-
channel power consumption, and a higher per-channel radiopurity (less mass close to the detectors).
In this work, we carried out a detailed investigation of the performance of a commercially available
ASIC, the XGLab CUBE charge sensitive amplifier (CSA). The ASIC was operated together with a
p-type point contact high-purity germanium detector. Dedicated measurements were carried out to
investigate key electronic parameters. The studies reveal that 1) an excellent energy resolution over a
wide energy range, 2) very fast signal rise times and 3) low noise levels can be obtainedwith anASIC
CSA. These parameters are important for the effective application of pulse shape analysis techniques
(PSA) for the discrimination of signal events from background events. The PSA performance of the
ASIC-based readout system (acceptance of background events in a 228Th calibration measurement:
∼6%) was found to be comparable to the performance reported by theMajorana Demonstrator
experiment [11, 23]. Finally, the radiopurity of the CUBE preamplifier was analyzed at the low-
background screening facilities at LNGS in Italy and at Jagiellonian University in Poland by means
of various assay techniques. In all measurements, upper limits for the radioactive contaminations
were obtained that are compatible with the background goal of LEGEND-1000.
The results presented in this work are very promising for a potential application of ASIC technology
in LEGEND-1000. However, the investigated CUBEASIC is not ideally suited for the final applica-
tion in LEGEND: The bypass capacitors required for filtering the noise of the ASIC power supplies
increase the amount of radioactive material close to the detectors and are probably not compatible
with the required radiopurity levels. In future ASIC developments, this can be alleviated by using
a single internally filtered power supply or ultrapure bypass capacitors (e.g. silicon capacitors). To
further reduce radioactive contamination, the reset mechanism needs to be integrated into the chip.
A continuous reset mode with exponentially decaying pulses is foreseen. Moreover, a differential
output is required to reduce the noise associated with driving signals over long transmission lines
from the detectors to the data acquisition system. A dedicated ASIC fulfilling these requirements
is currently being developed at Lawrence Berkeley National Laboratory (LBNL).
In conclusion, the performed measurements offer valuable information about the operation of a
large-scale germanium detector together with an ASIC-based signal readout system. The results
presented in this study provide vital information for the design of futureASIC-based readout systems
for the final phase of LEGEND.
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